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C
arotenoids are natural pigments synthesized by plants and some microorganisms. Humans and animals are not able to synthesize carotenoids de novo; thus they need to acquire them through their diet (Fraser and Bramley, 2004) . More than 600 carotenoids have been identified in nature to date; around 40 of these are consumed in the typical human diet (Khachik et al., 1995) . Carotenoids exhibit yellow, orange, and red color, but when they are bound to proteins, they acquire green, purple, or blue colors (Britton et al., 1997) . b-Carotene is the most widely distributed carotenoid in plants and the one most efficiently converted to vitamin A. The fat-soluble vitamin A plays an important role in vision, bone growth, reproduction, cell division, and cell differentiation in mammals (Stephens et al., 1996) . At least 3 million children in developing countries develop xerophthalmia (damage to the cornea of the eye), and 250,000 to 500,000 become blind each year because of vitamin A deficiency (Reifen, 2002) .
Lutein and zeaxanthin do not have provitamin activity, but display biological activity in relation to human health. Lutein and its stereoisomer of zeaxanthin are the only carotenoids present in the macula region of the retina where they are effective
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ABSTRACT
Increasing the carotenoid concentration of pulse crop seeds is part of a biofortification strategy. The objective of this research was to evaluate the concentration and distribution of carotenoids in the seeds of twelve pea (Pisum sativum L.) cultivars and eight chickpea (Cicer arietinum L.) cultivars grown at multiple locations during 2 yr in Saskatchewan, Canada using high performance liquid chromatography (HPLC) with a diode array detector. Lutein was the major carotenoid in both crops, with mean lutein concentration ranging from 7.2 µg g -1 to 17.6 µg g -1 and 6.3 µg g -1 to 11.0 µg g -1 in pea and chickpea, respectively. Violaxanthin, zeaxanthin, and b-carotene were also present in both crops. Green cotyledon pea cultivars had approximately twice as many total carotenoids (16-21 µg g -1 ) than yellow cotyledon pea cultivars (7-12 µg g -1
). Cultivar had a greater effect than environment on carotenoid concentration in both crops. Location effects were significant for violaxanthin, lutein, and total carotenoid concentration for pea and for violaxanthin and zeaxanthin in chickpea. Year effect was significant for all carotenoids in pea and significant for b-carotene in chickpea. The cultivar × location interaction was significant for violaxanthin in pea and chickpea and for lutein in pea. Among the three seed tissues, carotenoid concentration was greatest in the cotyledon followed by the embryo axis and seed coat in both crops. The results of this investigation should be useful for improving nutritional quality in pulse crops.
against senile macular degeneration (Krinsky et al., 1990; Meydani et al., 1994; Olmedilla et al., 2001) . Lutein may also help to protect skin from ultraviolet (UV) radiation-induced damage and reduce the risk of cardiovascular disease and cataracts (Alves-Rodrigues and Shao, 2004; Moeller et al., 2000) . Carotenoids may also protect humans from skin disorders and several forms of cancer (Bramley, 2000; Snodderly, 1995) . Carotenoids efficiently scavenge peroxyl radicals and play an important role in the protection of cellular membranes and lipoproteins against oxidative damage (Stahl et al., 2002) .
Carotenoids are classified into two groups: the hydrocarbon carotenoids including a-and b-carotene and lycopene and the oxygenated carotenoids or xanthophylls (lutein, zeaxanthin, violaxanthin and b-cryptoxanthin) . The first step in carotenoid biosynthesis is the condensation of two molecules of geranylgeranyl diphosphate by phytoene synthase to form phytoene, (Cunningham et al., 1994) . A major branch point occurs after lycopene synthesis when cyclization mediated by the enzymes lycopene-b-cyclase and lycopene-epsilon-cyclase gives rise to a-carotene and b-carotene. a-Carotene is acted on by a b-ring hydroxylase to form zeinoxanthin, which is then hydroxylated by an e-ring hydroxylase to produce lutein. b-Carotene can be hydroxylated in a two-step reaction to zeaxanthin, with b-cryptoxanthin as an intermediate product. In green tissues, zeaxanthin can be epoxidized to violaxanthin, which is the precursor of the plant hormone abscisic acid (Cunningham and Gantt, 1998) .
Traditionally, pulse crops have been used for human consumption around the world. The nutritional value of pea and chickpea are important for human health in developing countries. Biofortification, enriching the nutritional contribution of staple crops through plant breeding, is one option that is now widely discussed internationally in the fields of nutrition and public health. Biofortification of staple food crops is a new approach to control deficiencies of carotenoids, Fe, and Zn in developing countries (Welch and Graham, 2005) . Crop biofortification could also increase competitiveness through product differentiation, niche marketing, and value adding. Biofortification of staple food products is seen as one of the key strategies for alleviating micronutrient malnutrition afflicting poor communities, alongside the more traditional interventions of supplementation, fortification, and dietary diversification (White and Broadley, 2005) . As pea and chickpea are significant food sources in many countries where malnutrition is prevalent, pea and chickpea with higher concentrations of carotenoids may contribute to solutions for human micronutrient malnutrition, especially for South Asian populations.
Many studies have been undertaken in recent years to provide data in relation to the carotenoid content of various crops, such as carrot [Daucus carota ssp. sativus (Hoffm.) Schübl. & Martens] (Chen et al., 1995) , tomato (Solanum lycopersicum L.; Abushita et al., 2000; Fraser et al., 2001) , wheat (Triticum aestivum L.; Hentschel et al., 2002; Hidalgo and Brandolini, 2008; Ramachandran et al., 2010) , maize (Zea mays L.; Menkir and Maziya-Dixon, 2004) , cassava (Manihot esculenta Crantz; Ssemakula et al., 2007) , and potato (Solanum tuberosum L.; Haynes et al., 2010) . Identification and quantification of individual carotenoids by HPLC is a highly sensitive, precise, and reproducible method. To date, only limited research on carotenoids has been reported in pea and chickpea seeds using HPLC analysis. Lutein and zeaxanthin were reported in chickpea seed (Abbo et al., 2005 (Abbo et al., , 2010 , and lutein, b-carotene, and violaxanthin were reported in cotyledons and seed coat of field pea (Holasová et al., 2009; McCallum et al., 1997) . Lutein was reported as the major carotenoid in chickpea and pea (Abbo et al., 2005 (Abbo et al., , 2010 Holasová et al., 2009; McCallum et al., 1997) . Lutein concentration was reported to be greater in green cotyledon compared with yellow cotyledon pea (Holasová et al., 2009 ). The effect of cultivar and environment on carotenoid profile has not yet been reported in pea and only limited studies are available for chickpea (Abbo et al., 2010) . Saskatchewan is a leading supplier of pea and chickpea in export markets; thus, characterizing the carotenoid profile in Saskatchewan-grown pulses is important. This research was conducted to assess the four individual carotenoids (violaxanthin, lutein, zeaxanthin, and b-carotene) and total carotenoids in pea and chickpea seeds. The information generated in this research will be used in developing nutritional marketing strategies for key export markets.
The objectives of this study were (i) to determine the significance of cultivar, environment, and the cultivar × environment (C × E) interaction on the concentration of carotenoids in seeds of pea and chickpea cultivars grown in Saskatchewan and identify the cultivars that contained higher levels of individual and total carotenoids and (ii) to determine the distribution of carotenoids in seed tissues (i.e., cotyledon, seed coat, and embryo axis) of contrasting pea and chickpea cultivars.
MATERIALS AND METHODS
Seed Samples and Field Trials
Seed samples of twelve pea cultivars were obtained from regional variety trials conducted in 2009 and 2010 by the Crop Development Centre (CDC), University of Saskatchewan. Trials were arranged as a randomized complete block design at each location (Saskatoon: 52°10'05.29" N, 106°30'18.96" W; Rosthern: 52°44'24.06" N, 106°14'08.80" W; Meath Park: 53°14'54.36" N, 105°21'10.90" W; and Scott: 52°22'36.73" N, 108°38'33.37" W) in Saskatchewan. The Saskatoon and Scott locations are located in the Dark Brown soil zone, Rosthern in the Thin Black soil zone, and Meath Park in the Black soil zone of the province. Seed subsamples of the twelve pea cultivars were taken at random from the entire harvested lot from two field plots at each location (i.e., two biological replicates).
Standard Calibration
Standards of lutein and violaxanthin (ChromaDex, Irvine, CA), and zeaxanthin and b-carotene (95% purity; Sigma-Aldrich Canada, Oakville, ON) were used to construct linear standard curves by injecting 2 to 40 ng (violaxanthin) or 4 to 80 ng (others). Standard extraction solvents were initially premixed with 0.1% butylated hydroxytoluene (BHT) in dichloromethane (DCM) and methanol (MeOH), v/v (3:1) for b-carotene and v/v (1:1) for others. All the stock solutions of chemical references were stored at -80°C. Chromatographic peaks were identified by comparing retention times and absorbance spectra to those of standards. A peak was identified as a putative carotenoid if characteristic triple maxima were observed in the absorbance spectrum and retention time was 6.4, 10.6, 12.4, and 35.2 min for violaxanthin, lutein, zeaxanthin, and b-carotene, respectively. All carotenoids were detected at 450 nm, the maximum absorbance for lutein.
Extraction and HPLC Sample Preparation
In preliminary studies, three solvent extraction methods [MeOH:DCM, MeOH:MTBE (methyl-t-butyl ether), and n-hexane] were evaluated for estimation of carotenoid concentration in selected cultivars of pea and chickpea. Methanol:dichloromethane had the lowest volatility and 100% recovery for total carotenoids and was therefore utilized for the entire study. To protect carotenoids from degradation, all standards and sample extractions were performed under subdued light conditions at room temperature of 20°C. Sample extraction solvents were initially premixed with 0.1% BHT in DCM and MeOH, v/v (1:1) and added at the rate of 5 mL g Table 1 .
For the C × E interaction study, subsamples of 20 g of harvested pea and chickpea seeds were air dried to 14% moisture and stored at -20°C until milled. Samples were ground in a UDY mill equipped with a 0.5-mm screen. A vacuum was used to clean the mill between samples. Ground samples were stored at -20°C and 1 wk before extraction samples were kept at room temperature. One-gram samples were used for extraction.
For the tissue study, 400-mg seed samples of selected pea and chickpea cultivars were dehulled using a Satake Grain Testing Mill (Model TM05, Satake Corporation, Taito-ku, Tokyo, Japan) followed by air fractionation and hand sorting under 2× magnification to separate the cotyledon, seed coat, and embryo axis. These tissues were then ground using a ZM-200 Ultra centrifugal mill (Retsch, Haan, Germany) to pass a 0.5-mm sieve. Pea samples were derived from the Rosthern and Sutherland locations in 2011, while chickpea samples were derived from the Floral location in 2011. 
HPLC Separation and Analysis
Chromatography was performed using the Agilent 1200 LC system with Chemstation software (Agilent Technologies, Santa Clara, CA) on a reverse-phase C30 column (3 µm, 4.6 by 250 mm), preceded by a 4 by 20 mm C30 guard column (Waters, YMC America, Newtown, PA) at 24°C with a diode array detector set at 190 to 600 nm. Isocratic elution (58:22:20, CH 3 CN:CH 3 OH:CH 2 Cl 2 ) was used to separate compounds in the extracts for up to 40 min at flow rate of 0.8 mL min −1
, and injection volume was 20 μL per sample and carotenoids were detected at 450 nm. A column wash (40°C) with 50:49:1 (v/v/w) 2-propanol/water/acetic acid was performed after every 25 samples (Ramachandran et al., 2010) . All eluent solvents were of HPLC grade (Fisher Scientific, Ottawa, ON, Canada or EMD Chemicals, Gibbstown, NJ). Carotenoid concentration was identified by UV-visible spectra analysis and by comparing their retention times with authentic standards. The concentration of carotenoids was calculated using the calibrated standard curve of each component, and each sample was extracted in two technical repeats and analyzed by HPLC.
Statistical Analysis
Results of each carotenoid component were converted to µg g -1
. Technical repeats were averaged for each biological replicate. Analysis of variance was performed using the Mixed Linear Model procedure (PROC MLM) of SAS version 9.3 for Windows (SAS Institute, 2011) . Cultivars were considered as fixed factor and environments and replications (blocks) within environment as random factors. Levene's test for homogeneity of variance and boxplot distributions were conducted for each location and year. Combined ANOVA was initially conducted across all locations and years; whenever there were significant interactions between cultivars, locations, and years, separate analyses were conducted for each location and year. Means were separated by LSD at the 0.05 level.
RESULTS AND DISCUSSION Carotenoid Identification
Carotenoid concentration was evaluated for seeds of twelve pea cultivars grown at four locations for 2 yr and eight chickpea cultivars grown at three locations for 1 yr and two locations for 1 yr in Saskatchewan. Violaxanthin, lutein, zeaxanthin, and b-carotene were identified in the mature pea and chickpea seeds and were quantified using standard curves generated from primary standards of each carotenoid. Several unidentifiable peaks were also detected, but were not quantified. Total carotenoid concentration was calculated as the sum of mean values of the four individual carotenoids.
Environmental Effects on Carotenoid Concentration in Pea and Chickpea Cultivars
Combined ANOVA indicated a significant effect of cultivar for all four carotenoids as well as for total carotenoid concentration in both pea and chickpea (Table 2) . Year effect was significant for all carotenoids except zeaxanthin in pea and significant for b-carotene in chickpea. Location effect was significant for violaxanthin, lutein, and total carotenoids in pea and for violaxanthin and zeaxanthin in chickpea. The interaction between cultivar and location was significant for violaxanthin, lutein, and total carotenoids in pea and violaxanthin for chickpea, similar to reports in potato (Haynes et al., 2010) , wheat (Matus-Cádiz et al., 2003; Ramachandran et al., 2010) , maize (Menkir and Maziya-Dixon, 2004) , and cassava (Ssemakula et al., 2007) . The interaction between cultivar and year was significant for all carotenoids in pea and for b-carotene in Table 2 . Mean squares of combined ANOVA and coefficient of variation (CV) for carotenoids in pea and chickpea cultivars grown in Saskatchewan, Canada. Green cotyledon pea cultivars had greater b-carotene concentration (1.25-1.52 µg g ) observed in golden rice (Oryza sativa L.) endosperm (Beyer et al., 2002) . Green cotyledon pea cultivars had approximately twice as many total carotenoids (16-21 µg g -1 ) than found in yellow cotyledon pea cultivars (7-12 µg -1
), approximately 40% less total carotenoids than reported in golden rice 2 T 2 endosperm (8.8 to 36.7 µg g -1 ), (Paine et al., 2005) . However, a-carotene and b-cryptoxanthin were quantified in golden rice 2 which were not quantified in the present study.
In general, the green cotyledon cultivars such as CDC Tetris and CDC Patrick also had higher violaxanthin concentration across locations in both years than the yellow cotyledon cultivars (Table 4 ). The range of violaxanthin concentrations reported here is similar to the levels reported (1.70-2.22 µg g Green cotyledon pea cultivars were richer in total carotenoids then yellow cotyledon cultivars. This could be due to greater expression of the lycopene cyclase gene in green cotyledon cultivars. Lycopene cyclase plays a major role in producing a-and b-carotene. a-Carotene is acted on by a b-ring hydroxylase to form zeinoxanthin, which is then hydroxylated by e-ring hydroxylase to produce lutein, and in green tissues, zeaxanthin can be epoxidized to produce violaxanthin (Demmig-Adams and Adams, 2002). b-Carotene, and lutein levels are controlled by the transcriptional activity of the lycopene b-cyclase gene in kiwifruit (Actinidia chinensis Planch.; Khattak et al., 2008) , and microalga Dunaliella salina (Zhu et al., 2008) .
Carotenoid Concentration in Chickpea Cultivars
Significant genotypic differences (p < 0.05) in mean carotenoid concentration in chickpea seeds were observed (Table 5) . Overall mean showed chickpea cultivars were highest in lutein (7.70 µg g ). Lutein as the major source of carotenoids was reported in seeds of chickpea (Abbo et al., 2005 (Abbo et al., , 2010 and wheat (Ramachandran et al., 2010) .
Mean violaxanthin concentration in the desi cultivars was 0.10 µg g . Mean zeaxanthin concentration ranged from 4.21 µg g -1 in CDC chickpea. The cultivar × year × location interactions were significant for violaxanthin, lutein and total carotenoids in pea, while their interaction effects were not significant for the carotenoid components in chickpea (Table 2) .
Carotenoid Concentration in Pea Cultivars
Mean zeaxanthin and b-carotene concentrations across locations and years in pea cultivars are shown in Table  3 , while concentrations of violaxanthin, lutein, and total carotenoid are presented in Table 4 . On average, pea cultivars were high in lutein (11.45 µg g ). Lutein was previously reported as the major source of carotenoids in pea seeds (Holasová et al., 2009; McCallum et al., 1997) . Mean zeaxanthin concentration ranged from 0.11 µg g -1 in Agassiz to 0.20 µg g -1 in CDC Patrick (Table 3) . Mean b-carotene concentration ranged substantially from 0.01 µg g -1 in Agassiz and Polstead to 1.52 µg g -1 in CDC Tetris. This result is similar to a range of 1 to 2 µg g -1 of b-carotene in green cotyledon peas previously reported (Holasová et al., 2009 ). Field peas with yellow or orange cotyledons had b-carotene concentration 10 times lower than green cotyledon cultivars (Holasová et al., 2009 ). ) from mean square of ANOVA for each location (n = 192) Orion to 7.46 µg g -1 in CDC Corinne. Mean lutein concentration ranged from 6.28 µg g -1 in CDC Orion to 10.96 µg g -1 in CDC Corinne, and these are higher than the levels (2.75-6.22 µg g -1 ) previously reported in chickpea (Abbo et al., 2010) . Mean b-carotene concentration ranged from 0.24 µg g -1 in Amit to 0.56 µg g -1 in CDC Corinne. Overall mean b-carotene concentration was 0.40 µg g -1 , which was equal to the concentration of b-carotene reported previously (Khattak et al., 2008) .
Desi chickpea cultivars had higher average total carotenoid concentration (16.80 µg g Table 4 ). Chickpea seeds had a greater concentration of zeaxanthin than that found in pea seeds. In the carotenoid biosynthetic pathway, lycopene b-cyclase produces b-carotene, which is hydroxylated in a two-step reaction to produce zeaxanthin (Demmig-Adams and Adams, 2002), and accordingly, greater expression of the lycopene b-cyclase gene may increase the levels of carotenoids in chickpea seeds.
In chickpea, growing environment significantly affected violaxanthin and zeaxanthin concentration ( (Table 5 ).
Trait Correlation in Pea and Chickpea
Concentrations of the four individual carotenoids were positively correlated with each other in both pea and chickpea (P < 0.0001; Table 6 ). Positive correlations were previously reported between lutein and chlorophyll concentration in pea (r = 0.77, P < 0.01; Holasová et al., 2009) , and between lutein and zeaxanthin concentration in chickpea (r = 0.66, P < 0.05; Abbo et al., 2005) .
Environmental Effects on Carotenoid Concentration in Pea Seed Tissues
In many countries, peas and desi chickpeas are consumed as cotyledons after splitting and dehulling, while the seed coat and embryo axis tissues enter animal feed markets. Therefore, the second part of the study was conducted to determine the distribution of carotenoids in each of three seed tissues (cotyledon, seed coat, and embryo axis) in selected cultivars from two market classes of field pea (green and yellow cotyledons) and chickpea (kabuli and desi). CDC Patrick (green cotyledon) and CDC Meadow (yellow cotyledon) are commercially produced in Saskatchewan. These two cultivars were grown at two locations (Rosthern and Sutherland) in 2011. Results of this research may contribute to value-added crop utilization strategies for field pea growers. Combined ANOVA showed significant variation (p < 0.0001) in all four individual carotenoids and total carotenoids in pea seed tissues (Table 7) . Tissues and cultivars differed significantly for each carotenoid, while the effect of location and the cultivar × location interaction were not significant (Table 7) . Similarly, the C × E interaction was not significant for lutein, zeaxanthin, and b-carotene in wheat (Matus-Cádiz et al., 2003; Ramachandran et al., 2010) .
Carotenoids Distribution in Pea Seed Tissues
Among the three seed tissues, carotenoid concentration was greatest in cotyledon, followed by embryo axis and seed coat in both cultivars. CDC Patrick had significantly greater concentration of all carotenoids than CDC Meadow in all three seed tissues (Table 8) . CDC Patrick possessed 11 times greater violaxanthin and 2 times greater lutein concentration than CDC Meadow in both whole seed and cotyledon tissues. Seed coats of green cotyledon field pea cultivars (CDC Patrick and Cooper) had greater lutein concentration than those of yellow cotyledon pea cultivars (Marles et al., 2013) ) from mean square of ANOVA for each location (n = 120). of carotenoid profile of CDC Meadow and CDC Patrick cotyledons are presented ( Fig. 1A and B) . Lutein was detected in seed coats of CDC Patrick (1.10 ug g ) in cotyledons, and these are almost equal to the whole seed concentrations in both cultivars. In contrast, mungbean [Vigna radiata (L.) R. Wilczek] had a high concentration of carotenoids in the seed coat of green cotyledon cultivars leading to a greater concentration of total carotenoids in green cultivars compared with yellow cultivars (Harina and Ramirez, 1978) .
In both pea cultivars, total carotenoid concentration was greater in cotyledons than in embryo axes, which were greater than seed coats. The cotyledon comprised 89.8 and 90.9% of the mass (dry weight basis) of the whole seed of CDC Patrick and CDC Meadow, respectively, while the seed coat comprised 9.2 and 8.2%, respectively, and the embryo axis comprised 1.0 and 0.9%, respectively. Thus, the cotyledon is by far the major source of carotenoids in pea, and removal of the seed coat and embryo axis in processing would not result in a substantial loss of carotenoids for human diets.
Carotenoids Distribution in Chickpea Seed Tissues
Carotenoid distributions in chickpea seed tissues were analyzed for seven cultivars from different market classes, among them five desi cultivars and two kabuli cultivars (Table 9 ). Among the three seed tissues, total carotenoid concentration was greatest in the cotyledon, followed by the embryo axis and seed coat in kabuli cultivars. However, in desi cultivars, individual and total carotenoid concentrations were greater in the seed coat, followed by the cotyledon and embryo axis ( Table 9) . As expected, extracts of desi seed coats had greater pigmentation than found in kabuli seed coats. Pigmentation intensity corresponded with carotenoid accumulation in transgenic Arabidopsis thaliana (L.) Heynh. seeds (Lindgren et al., 2003) ; these researchers also reported that seed specific expression of phytoene synthase increased the concentrations of carotenoids, xanthophylls, and abscisic acid.
Overall mean total carotenoids were greatest in the cotyledon, followed by the seed coat and embryo axis in chickpea cultivars. The cotyledon comprised 89.9 and 95.2% of the mass (dry weight basis) of the whole seed of CDC Corinne (desi) and CDC Orion (kabuli), respectively, while the seed coat comprised 9.2 and 4.0%, respectively, and the embryo axis comprised 0.9 and 0.7%, respectively. Greatest carotenoid concentration was associated with the seed coat of CDC Jade (38.06 ug g -1 ) and ), and lowest carotenoid concentration in the seed coat of the non-pigmented kabuli cultivars (1.02-2.09 ug g -1 ). Similarly in mungbean, greater concentration of carotenoids was found in green seed coat cultivars compared with yellow seed coat cultivars (Harina and Ramirez, 1978) .
In chickpea, lutein was the major carotenoid, followed by zeaxanthin in whole seed for all cultivars (Table   9) , and this was also the case in mature wheat grains (Ramachandran et al., 2010) . Typical sample chromatogram of carotenoid profile of CDC Corinne whole seed was presented (Fig. 1C) . Among the seven chickpea cultivars, CDC Jade and CDC Ebony had the greatest carotenoid concentrations in all three seed tissues. Seed coats of these two cultivars were particularly rich in lutein and violaxanthin. A substantial amount of b-carotene was In developing countries where fruits and vegetables are expensive in off seasons, pea and chickpea would be a good source of dietary carotenoids. Saskatchewangrown pea and chickpea are rich in individual and total carotenoids, greater than reported in rice, wheat, cassava, and potato. Hence, the consumption of pea and chickpea could address the problem of vitamin A and age-related macular degeneration deficiencies in developing countries. Future research will involve the evaluation of the carotenoid profile of a wider diversity of pea and chickpea germplasm to potentially identify material with even greater potential for biofortification. 
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